In pelvic organ prolapse (POP), posture and gravity impact organ position and symptom severity. The advanced magnet configuration in open magnetic resonance imaging (MRO) allows patients to be imaged when sitting and standing, as well in a conventional supine position. This study evaluated if sitting and standing MRO images are relevant as a means of improving quantification of POP because they allow differences in organ position not seen on supine imaging to be identified. Methods: Forty women recruited from a university urogynecology clinic had MRO imaging (0.5 T scanner) with axial and sagittal T2-weighted pelvic scans obtained when sitting, standing, and supine. Pelvic reference lines were used to quantify the degree of POP, and the relevance of imaging position on the detection of POP compared. Results: Images from 40 participants were evaluated (20 with POP and 20 asymptomatic controls). Our results indicate that the maximal extent of prolapse is best evaluated in the standing position using H line, M line, mid-pubic line, and perineal line as reference lines to determine POP. Conclusions: MRO imaging of symptomatic patients in a standing position is relevant in the quantification of POP. Compared with supine images, standing imaging identifies that greater levels of downward movement in the anterior and posterior compartments occur, presumably under the influence of posture and gravity. In contrast, no appreciable benefit was afforded by imaging in the sitting position, which precluded use of some reference lines due to upward movement of the anorectal junction.
sexual actions. 3 The PFM have ability to contract voluntarily. 4 Contraction results in elevation and closure of all soft tissues of the pelvic floor and occlusion of the pelvic hiatus to resist descent forces through the pelvis. 3 Loss of integrity of these supportive structures can cause urinary and fecal incontinence, pelvic organ prolapse (POP) with descent of the anterior vaginal wall (cystocele), posterior vaginal wall (rectocele), and vaginal apex (enterocele, vaginal vault, or uterus). 5, 6 Failure in one compartment is most often combined with disorders in other compartments. [7] [8] [9] [10] The pathogenesis of POP is complex, with multifactorial causes involved; these include age, menopausal status, pregnancy, vaginal delivery, previous hysterectomy, chronic cough, chronic constipation, congenital factors, and obesity. 7, 8 Vaginal delivery is by far the most robustly associated factor, with over 90% of patients with prolapse being parous. 11 The proper staging of POP is essential for appropriate clinical care and accurate outcome studies. 12 Clinical examination alone is not sufficient to identify POP, particularly in the case of posterior vaginal wall prolapse or a multi-compartment problem. 13 Additional entities used in the diagnosis and staging of POP include dynamic magnetic resonance imaging (MRI), 14 which allows quantification of the degree of POP by relating pelvic organ descent to reliable anatomic landmarks. 15, 16 Other benefits are the lack of ionizing radiation and the clearer anatomical details of the soft tissue, such as muscles and pelvic viscera. 17 However, the lack of a standardized protocol for MRI grading of POP makes it difficult to relate clinical and MRI staging, which complicates clinical care. 18 Also, MRI assessment of POP has been restricted by the closed architecture of conventional MR technology which limits patient positioning to the horizontal plane. 19 With the recent advent of open magnetic resonance imaging (MRO), imaging in different positions including sitting and standing in addition to supine allows multiplane imaging of all three compartments and observation of their reciprocal relationships. Hence, MRO provides superior visualization of the pelvic organs and musculofascial supportive structures.
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Previous studies have reported that patient position affects the degree of POP observed on clinical examination. Barber et al. 22 noted that the degree of prolapse manifested in the dorsal lithotomy position corresponds well with a 45° upright quantification in a birthing chair.
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However, a greater extent of prolapse was observed in the upright position. A comparable finding was reported in a separate study. 23 Also, Visco et al. 24 reported a much greater degree of prolapse in the standing examination as compared with the supine lithotomy position. 25 Swift and Herring 26 made a comparison of POP quantification method assessments in the standing and lithotomy positions, and found that there was no statistical significant difference between the stages or any of the quantification POP measured method points in the dorsal lithotomy and standing orientations. 25 The purpose of this study was to use MRO to determine the anatomic differences in pelvic floor anatomy that occur in POP in relation to the position of the subject, by comparing imaging when sitting and standing to supine images, and relating organ position to validated reference lines. The hypothesis was that imaging in the standing and sitting position would identify POP not apparent in the supine position due to the effect of posture and gravity on the pelvic organs.
Methods
A prospective study, carried out in the Department of Experimental Medicine and Department of Urological Sciences, University of British Columbia, Vancouver. Ethical approval was obtained from Vancouver Coastal Health (ethical review #V14-03507). The study cohort was recruited from the urogynecology clinic and included women presenting with symptoms of POP and asymptomatic controls. All subjects signed informed consent and completed a screening sheet for metal devices; patients were included only if they were willing to be available for the time required for imaging. All medical charts were reviewed; clinical data, including symptoms of pelvic floor dysfunction and pelvic organ prolapse staging using the pelvic organ prolapse quantification system (POP-Q) were noted (POP-Q measurements were performed under the supervision of a urogynecologist). The MRO imaging protocol did not require oral or intravenous contrast agents, nor bowel preparation; all subjects emptied their bladder prior to entering the scanner.
MRO imaging scans of the pelvis were obtained with patients positioned in the scanner when supine, sitting, and standing (Fig. 1) . The source MR images were obtained in the axial and sagittal plane. Parameters used were: Sagittal FSE9, FOV = 30cm x 30cm, Slice thickness =10mm, Gap = 1mm, Number of slices = 5, NEX = 1, TE=120 ms, TR=2500 ms and acquisition time = 1m50s. Axial T1 GFE pelvis images, FOV = 24cm x 24cm, Slice thickness = 5mm, Gap = 1mm, Number of slices = 40, Theta = 0 deg, Phi = 0 deg, NEX = 1, Flip angle = 80 deg, TE = 10ms, TR=470ms, and Acquisition time = 3m 1 5s (x2). To address the risk of fainting or dizziness during the standing scan we applied a deep venous thrombosis external pneumatic compression device around the legs of all patients scanned (Fig. 2) , and used a protocol that limited the time required for image capture in each position to two minutes. After the MR imaging was completed, the images were electronically transmitted to a workstation (RHNH, VCHRI, MRO Storage at UBC) for model generation.
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Reference lines
The reference lines used to assess POP are shown in Fig. 3 . Pubococcygeal line (PCL) measurements for each examination were performed by drawing a midsagittal line from the inferior margin of the symphysis pubis to the last joint of the coccyx. 27, 28 We also used an H line (HL), a straight line between the inferior rim of the pubic and posterior wall of the anal canal on the level of the impression of the puborectal sling; 29,30 a perineal line (PL), a line from the internal surface of the symphysis pubis down to the caudal end of the external anal sphincter; 14 a mid-pubic line (MPL), a line drawn through the longitudinal axis of the pubic bone and passing through its midequatorial point; 14, 31 and an M line (ML) drawn as a vertical line extending perpendicularly from PCL to the posterior limit of H line. 32 The SCIPP line extends from the posterior surface of the pubis to the junction between the fifth sacral and first coccygeal bone. 33 
Anatomical landmarks and clinical measurement points
The MRO images taken in a supine, sitting, and standing position were assessed for POP with reference to anatomical landmarks in three pelvic compartments using the previously mentioned reference lines. The three pelvic compartments are identified based on anatomical landmarks: the most posterocaudal point of the bladder base (anterior compartment), the most anterocaudal point of the cervix or vaginal vault (middle compartment), and the anorectal junction and the most anterocaudal point of the anterior rectal wall (posterior compartment). The perpendicular distances from each reference line to these three different points were assessed using PCL. If the anatomical landmark is located above a reference line, the distance has a negative value; below the reference line it has a positive value.
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Image analysis Image analysis was done with Radiant software. All images were analyzed by the same examiner, who was blinded to group status. Image analysis was based on all sagittal source images for the comparison of length of the pelvic reference lines between the patient group and control group (PCL, SCIPP, pubopromontoreal (PP), HL, ML, MPL, and PL) in the supine, sitting, and standing positions. Perpendicular distances between the PCL and the bladder base, vaginal apex, and anorectal junction were used to grade the degree of downward descent in the anterior, middle, and posterior compartments, respectively. In the supine position with respect to the PCL, the grading system used suggests severity as mild, moderate, and severe. Degree of prolapse below the PCL by 3 cm or less was graded as mild, between 3 and 6 cm as moderate, and more than 6 cm as severe. Also, the distance from each of the anatomical landmarks mentioned above to the PCL was measured in the standing position. A rectocele is graded as follows: absent (displacement inferior to the PCL of less than 1 cm); mild (displacement of 1-2 cm); moderate (displacement of 2-4 cm); and severe (displacement of more than 4 cm) 12
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Forty women, 20 with organ prolapse and 20 asymptomatic controls, were recruited and underwent MRO. Table 1 summarizes their clinical data (age, parity, mode of delivery, prior surgery, symptoms and body mass index). Comparison data from applying the pelvic reference lines on midsagittal MRO images in women with and without POP when imaged standing, supine and sitting are summarized in Tables 2, 3 and 4 respectively.
The standing image data (Table 2 and Fig. 4 ) show significant differences in the mean lengths of PCL, SCIPP, HL, ML, MPL, and PL between the control group and the POP group. However, the PP line measurement was not significantly different between the two groups. The differences between the women with and without prolapse were predominantly evident in the standing position.
The images taken in the supine position (Table 3 and Fig. 5 ) used the HL, ML, MPL, PP, and PL measurements; the increases in mean lengths between the two groups were statically significant. However, the PCL, and SCIPP line of each reference remained stable with no significant change in length between the control group and POP group. Table 4 and Fig. 6 show that there were no statistical differences in the sitting position for PCL, SCIPP, MPL, and PL between controls and POP. We did not find it possible to use the HL and ML for the sitting position; the HL extends from the most inferior surface of the pubis to the posterior wall of the anal canal at the level of the anorectal junction, and ML is drawn as a vertical line extending perpendicularly from PCL to the posterior end of the H line. The effect of the sitting position is to cause an upwards movement of anorectal junction location above the PCL, which interferes with measurement using both these reference lines.
The grading of symptomatic subjects for POP from images obtained using MRO in the standing and supine positions are summarized in Tables 5 and 6 ; the PCL reference line (Fig.7 ) was used to grade POP, (cystocele, vaginal prolapse, and rectal prolapse), as absent, mild, moderate or severe. The occurrence of prolapse in the anterior and posterior compartments in the standing position was moderately higher than in the anterior and middle compartments in both positions.
Our results suggest that the extent of prolapse is best evaluated in the standing position using HL, ML, MPL, and PL as reference lines.
Discussion
In this study, we have used MRO images obtained with patients standing, sitting, and supine to quantify the extent of POP using pelvic reference lines. We hypothesized that imaging in the standing and sitting position would identify prolapse not apparent in the supine position in patients reporting symptoms of POP, as the effect of posture and gravity on pelvic organ position would be detected. Currently, POP is assessed on midsagittal images using particular pelvic anatomic landmarks 35 and quantified and graded using reference lines. 36 In the literature, various reference lines have been introduced to assess POP during dynamic MRI. However, validation of
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Our data indicate that in standing MRO images the extent of descent of POP in all three compartments was greater than that seen in supine images, when the PCL, HL, ML, MPL, and PL were used for reference; hence standing position does provide a more comprehensive way of detecting POP and defining the extent of prolapse than any of the existing imaging tools, including conventional supine MRI, as the extent of descent of POP in all three compartments was greater when assessed using the HL, ML, MPL, and PL for reference. This confirms previous findings that the frequency of detection of anterior and posterior compartment downward prolapse can be best assessed when using MRO in the standing position. We have also reported the enhanced diagnostic information generated by creating 3D models of the pelvic architecture from 2D MRO upright imaging. 37 However, imaging in the sitting position did not demonstrate benefit in the context of POP. This was principally due to anatomical landmarks necessary for defining the HL and ML reference lines being obscured by upward movement of the anorectal junction above the PCL. While our hypothesis was only true for standing images, sitting MRO images could benefit POP evaluation in symptomatic patients confined to wheelchairs, such as those with spinal cord injury, even though the information added is less than from standing images.
In prior studies, compared dynamic MR imaging and colpocystodefecography (CCD) in the diagnosis of prolapse in each compartment. 38 Their results concluded that dynamic MR imaging in the lying orientation was not precise in the assessment of pelvic floor prolapse. 17 In contrast, a study done by Swift et al. 26 reported no significant difference in prolapse grading between supine and standing positions. Another study reported that a higher extent of prolapse was observed in the standing orientation as compared with the supine examination, although another finding did not show this relationship. 22, 26 However, the effects of bladder fullness and patient posture have not been formerly examined. 25 The optimal choice of reference line is a subject of ongoing debate. 17 The PCL is commonly used because it is readily drawn on sagittal images 21 and was used in initial studies of MRI for POP because it is based on fixed bony points of reference. 18 The PCL also provides an assessment of the pelvic floor, as it is positioned along the plane of the pubococcygeal and puborectalis muscles. 21 Lienemann et al. found the PCL was a beneficial reference line for prolapse in the anterior compartment only; 28 however, Pannu et al. 39 described the PCL to be superior. In our study we found no significant change in the length for the supine and the sitting positions between the two groups. However, the mean length of the PCL in the standing position was significantly different between the groups. Lienemann et al. also used the mid-pubic line in their study and reported that the midpubic line should only be applied for staging in the posterior compartment. 28 Singh et al. 40 introduced the application of the MPL on MRI grading of POP. They concluded, upon cadaveric dissection, that the MPL passing through the plane of the vaginal hymen should be used in 14 An inconvenient aspect of using the MPL for grading POP is that two separate measurements are needed: at rest and during strain. 30, 41 Importantly, in previous studies Woodfield et al. 18 and Singh et al. 40 found that the MPL yielded a much greater frequency of prolapse than the PCL, and our findings indicate that the MPL and PL measurements were significantly different between the control and the patient group for the standing and supine positions. The SCIPP line has been used to quantify the distance to the perineal body and the angle of the levator plate when comparing women without prolapse and POP patients, grading anterior vaginal wall prolapse, and assessing levator ani recovery following vaginal birth. 42 However, the data we present indicate that for the SCIPP line the increase in length between the control group and POP patients was statically significant in the standing position but not in the supine or sitting positions.
Comiter et al. 15 introduced a new grading system for dynamic MRI scanning. The H line, M line, organ prolapse (HMO) classification system assesses the levator hiatus (LH), the muscular pelvic floor movement downward, and organ descent. 19 MRI and ultrasound studies have demonstrated that a levator ani muscle defect is a significant factor that is clinically related to POP. 43 It is reported that patients with prolapse have enlarged genital hiatuses. 44 This hiatal enlargement might be either the reason for or the outcome of prolapse. Defects and weakening of the levator ani muscle, as observed in prolapse, could lead to inability to keep the hiatus closed. 43 The length of the levator hiatus H line is 5 cm in normal women without pelvic floor laxity. 45 The M line is a line that extends perpendicularly from PCL to the posterior end of H line, and an average length of 2 cm is considered normal. 32 Dietz et al. 46 concluded that there is an association between LH and pelvic organ displacement, even in young nulliparous women. Likewise, a study by DeLancey and Hurd 44 also reported that uroginal hiatus size is related to prolapse size. 47 In this study, MRO images displayed significant elongation in dimensions of H and M lines that was seen in all POP patients in standing and supine positions but not in the control group. We recognize that the ongoing debate over reference lines applied to MRI is a limitation that impacts our study. It remains hard to choose which pelvic reference lines would supply the best reference landmark for the MRO assessments of POP. But further MRO studies are required and are pending. In this context the fact that few MRO systems are available currently for patient assessment also limits the relevance of our findings. However, the apparent superiority of MRO as an imaging entity for POP predicates that as more units become available clinicians and their patients should benefit from this advance in technology.
Conclusion
In conclusion, using MRO to image patients with symptoms of POP in an upright position shows that greater levels of downward movement in the anterior and posterior compartments, labeled as
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Abdulaziz et al Open MRI for pelvic organ prolapse cyctocele and rectocele, occur under the influence of posture and gravity. The maximal extent of downward movement is best evaluated in the standing position; use of the HL, ML, MPL, and PL reference lines most readily identified downward prolapse, while organ position in the sitting position precluded use of the HL and ML lines. We suggest that as access to MRO becomes available benefits will accrue from the enhanced diagnostic and grading ability of upright imaging in POP. Open MRI for pelvic organ prolapse 
